ABSTRACT. A few insect control genes of Bacillus thuringiensis have been modified successfully to increase the expression in plants by replacing rare codons, increasing GC content, and avoiding the DNA elements that could cause premature transcription termination, mRNA instability, and potential methylation. However, the modification process was intricate and often confused researchers. In this study, we adopted a simple method to modify Cry1Ab only by individually replacing its amino acid sequence with corresponding rice-preferred codons based on analysis of 92,188 coding DNA sequences. Unexpectedly, all elements of A+T richness, which terminate or destabilize transcription in plants, were avoided in the newly designed mCry1Ab. However, mCry1Ab had 2 notable features: less synonymous codons and high GC content. mCry1Ab only employed 22 of the 61 codons to encode protein and had an enhanced GC content of 65%. The increase in GC content caused abundant potential methylation signals to emerge in mCry1Ab. To test whether mCry1Ab could be expressed in rice, we transferred it into Oryza japonica variety A novel synthetic Cry1Ab gene Wanjing97. Insect bioassays revealed that transgenic plants harboring this gene driven by 2 promoters, CaMV35S and OsTSP I, were highly resistant to rice leaffolder (Cnaphalocrocis medinalis). Analysis of R 0 to R 2 generation plants indicated that the mCry1Ab was inherited stably by the progeny. Our study provided a simple modified method for expressing exogenous genes in rice and confirmed that less synonymous codons and high GC content do not affect transgene expression in rice.
ABSTRACT. A few insect control genes of Bacillus thuringiensis have been modified successfully to increase the expression in plants by replacing rare codons, increasing GC content, and avoiding the DNA elements that could cause premature transcription termination, mRNA instability, and potential methylation. However, the modification process was intricate and often confused researchers. In this study, we adopted a simple method to modify Cry1Ab only by individually replacing its amino acid sequence with corresponding rice-preferred codons based on analysis of 92,188 coding DNA sequences. Unexpectedly, all elements of A+T richness, which terminate or destabilize transcription in plants, were avoided in the newly designed mCry1Ab. However, mCry1Ab had 2 notable features: less synonymous codons and high GC content. mCry1Ab only employed 22 of the 61 codons to encode protein and had an enhanced GC content of 65%. The increase in GC content caused abundant potential methylation signals to emerge in mCry1Ab. To test whether mCry1Ab could be expressed in rice, we transferred it into Oryza japonica variety
INTRODUCTION
The toxins produced by Bacillus thuringiensis (Bt) kill some major insect pests but are safe for vertebrates and other organisms (Siegel, 2001; Park et al., 2012) . Bt toxins have been used as sprayable bioinsecticides in agricultural production for decades (García-Robles et al., 2013) . However, due to limited field stability and an inability to reach cryptic insects, Bt insecticides still hold only a small share of the insecticide market (Ferré and Van Rie, 2002) . With the development of transgenic techniques, Bt genes can be introduced into plant genomes for in vivo expression to solve the problems of instability and inability to reach to cryptic insects. Nevertheless, it was proven that directly transferring wild-type Bt genes into plants resulted in poor expression, with the toxin comprising less than 0.005% of the total proteins in the plant, making transgenic plants still susceptible to insects even if the transgenes were driven by a strong plant promoter (Barton et al., 1987; Vaeck et al., 1987; Perlak et al., 1991) .
To improve the Bt gene expression level, Perlak et al. (1991) modified Cry1Ab and Cry1Ac by using plant-biased codons to eliminate sequences such as potential polyadenylation signal sequences, ATTTA sequences, and A+T-rich and G+C-rich regions (N > 4 bases), increasing their expression levels 10-100 fold higher than those of the wild-type genes. Fujimoto et al. (1993) optimized another truncated Cry1Ab by replacing A and T of the third position of triplet codons with a randomly chosen G or C to make the relative frequency of codon groups (XXG, XXC, XXA, and XXT, in which X is any base) in the modified gene similar to the 12 rice genes that are highly expressed in leaves and transgenic rice that is resistant to striped stem borer and leaffolder. Subsequently, based on a similar design, several other Bt genes such as hybrid Cry1Ab/Cry1Ac, Cry2A*, Cry1C*, and cry1Ca1 were successfully synthesized in rice (Tu et al., 1998; Chen et al., 2005; Tang et al., 2006; Zaidi et al., 2009 ). However, the modification process was intricate and often confused researchers.
In this study, we adopted a simple method to modify Cry1Ab only by individually replacing its amino acid sequence with corresponding rice-preferred codons, and the newly designed gene was called mCry1Ab. Unexpectedly, mCry1Ab easily eliminated all elements of A+T richness that were common in wild-type Cry1Ab -e.g., AATAAA, AATAATT, and ATTTA-which terminate or destabilize transcription in plants. Compared with other modified Bt gene versions, mCry1Ab uses only 1 codon for most amino acids. Moreover, the GC content of mCry1Ab was enhanced to 65%, reaching the maximum value. The increase in GC content causes sequences of continuous G+C (> 6 bases) to emerge frequently in mCry1Ab, as many as 23 times compared to 2 times in the original Cry1Ab. It was proposed that sequences of continuous G+C should be avoided in plants and other eukaryotes because they may be regulated by DNA methylation, which can result in gene silencing (Murray et al., 1989; Bender, 2004) . Additionally, Perlak et al. (1991) avoided G+C (> 4 bases) sequences in their modified Bt genes. To test whether mCry1Ab could be expressed in rice, we transferred it into Oryza japonica variety Wanjing97 and detected its expression level and ability to confer insect resistance.
MATERIAL AND METHODS

Analysis of codon usage in Bt and rice
The codon information of rice and Bt was acquired from the codon usage database (http:// www.kazusa.or.jp/codon) (Nakamura et al., 2000) . Rice had 92,188 coding DNA sequences (CDSs) with a total of 34,132,283 codons, and Bt had 496 CDSs with a total of 211,286 codons. The frequency of synonymous codons for each amino acid was calculated, and the codons with the highest usage frequency among synonymous codons were chosen as preferred codons.
Design and synthesis of mCry1Ab
Cry1Ab, which is 1845 bp in length, was confirmed to be expressed efficiently in its modified version in dicots by Perlak et al. (1991) . In this study, amino acids in the Cry1Ab protein were replaced individually with corresponding rice-preferred codons to form a new Cry1Ab gene called mCry1Ab, which was synthesized by Invitrogen Life Technologies Co., Ltd. (Shanghai, China) and transferred into the pMD18 vector to form the pMD18-mCry1Ab vector.
Construction of the expression vector and transformation
The pMD18-mCry1Ab vector (Escherichia coli JM110 strain) was extracted using the Axygen plasmid extraction kit and was used as the polymerase chain reaction (PCR) template. mCry1Ab was amplified using the primers mCry1Ab-F 1 (5'-GATAACCTGAAGACTCCATGG ACAACAACCCGAACATCAACG-3') and mCry1Ab-R 1 (5'-CCAGCATTGAAGACTCGTC ACCTCAGTACTCGGCCTCGAAGGTCACC-3'). The amplification reagents were as follows: 5 μL 10X PCR buffer, 4 μL 25 mM MgCl 2 , 4 μL 2.0 mM dNTPs, 2 μL 10 μM primers, 0.4 μL 5 U/μL Taq enzyme, and 4 μL 25 ng/μL DNA template; finally, the total volume was brought up to 50 μL with ddH 2 O. The PCR was performed at 94°C for 5 min; 30 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 2 min; and a final step of 72°C for 7 min. The PCR products were digested with BbsI, purified, and used to replace Gus of pCAMBIA1305.1, forming the expression vector p35s::mCry1Ab (Figure 1a) . OsTSP I is a rice promoter that was cloned by the Rice Research Institute, Anhui Academy of Agricultural Sciences, China, and was fused into the pOsTSP I::GUS vector. The mCry1Ab fragment was amplified using the primers mCry1Ab-F 2 (5'-GATAACCTGAAGAC TCCATGGACAACAACCCGAACATCAACG-3') and mCry1Ab-R 2 (5'-CTTAGCGCTCTC AGTACTCGGCCTCGAAGGTCACC-3'). The pOsTSP I::Gus vector was double digested with NcoI and AfeI to remove Gus. The PCR amplification fragment that was digested with BbsI and AfeI was ligated with the fragment of the pOsTSP I::Gus vector without Gus to form the pOsTSPI::mCry1Ab vector (Figure 1b) .
EHA105 strains of Agrobacterium tumefaciens harboring the p35s::mCry1Ab, pOsTSPI::mCry1Ab, and pCAMBIA1305.1 vectors were used for the rice transformation experiments. The elite japonica rice Wanjing97 was used as the recipient. Transformation procedures were performed as described by Duan et al. (2012) with the modification of using 50 mg/L hygromycin as the selectable agent instead of mannose.
PCR analysis
mCry1Ab-specific primers (forward 5'-TGTCCCTCTTCCCGAACTACG-3' and reverse 5'-GAGGTGCGGGCTCCTGATGG-3') were designed for PCR amplification, producing a target product of 158 bp. Total genomic DNA was extracted according to Li et al. (2013) . The PCR was performed in a total volume of 25 μL containing 2 μL 25 ng/μL genomic DNA, 1 μL 10 μM primers, 1 μL 2.0 mM dNTPs mix, 2.5 μL 10X PCR buffer (containing 500 mM KCl, 100 mM Tris-HCl, pH 8.3, and 30 mM MgCl 2 ), and 1 U Taq polymerase. The amplification program was performed with an initial denaturation step at 94°C for 5 min; 35 cycles of denaturation at 94°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 30 s; and a final extension at 72°C for 7 min. The DNA fragments were separated on 2% agarose gels and stained with ethidium bromide.
Cry1Ab/Ac strips and enzyme-linked immunosorbent assay (ELISA)
The Cry1Ab/Ac test strip (Beijing Silver Soil Biotechnology Co., Ltd, China) can sensitively detect 2 proteins, Cry1Ab and Cry1Ac, in plants. A rice leaf (5 cm in length) was put into a 1.5-mL centrifuge tube with 50 μL purified water, and it was crushed with a tip until the liquid was green or turbid. The test strip was put into the samples to ensure that the liquid level was below the Max line of the test strip. After incubating the samples for 1 min, the test strip was removed and placed for 1 min, and then the detection line was observed.
The expression of Cry1Ab toxic protein in transgenic plants was quantitatively analyzed using the Cry1Ab/Cry1Ac plate kit purchased from Envirologix Corporation (USA) according to manufacturer instructions. Leaves of transgenic plants at the tillering stage were ground into a powder using liquid nitrogen, and 0.02 g powder was weighed into 1.5-mL centrifuge tubes with 500 μL extraction buffer. Samples were diluted 400-fold after serious oscillation, and 50 μL each sample was used for detection. The plants that were transformed with the blank vector pCAMBIA1305.1 were used as the negative control. The standard curve was constructed using a concentration gradient (0.02, 0.016, 0.012, 0.008, 0.004, and 0 ng) for quantitative analysis of samples. 
Bioassay in the laboratory
To test whether Cry1Ab proteins produced in the transgenic plants had insecticidal activity toward the rice leaffolder, an insect bioassay was conducted using the test tube method according to Qiu et al. (2010) . Rice leaves at the tillering stage were cut into 10-cm-long sections. Five leaf sections were placed into a test tube filled with 1% agar to a depth of 2 cm. Leaffolder larvae at the second to third instar stages were collected from the rice field, and 5 larvae were released into each test tube. Test tubes were sealed with plastic film to prevent the larvae from escaping. Small holes were made in the plastic film by poking it with a needle. The feeding assay was conducted in a growth chamber at a temperature of 28°C, a relative humidity of 85%, and a photoperiod of 12 h. Damage to the leaf tissues and larval mortality were observed and photographed 4 days after infestation. The plants that were transformed with the blank vector pCAMBIA1305.1 were used as the negative control.
Evaluation of insect resistance in the field
The transgenic plants were planted in a net house at the Rice Research Institute, Anhui Academy of Agricultural Science, China, and surrounded with wild-type Wanjing97 as a negative control. No pesticide was applied during the growth period. The insect occupancy of negative and wild-type rice was observed every 7 days. When every negative control plant showed insect damage, the insect occurrence of transgenic plants was investigated. For R 0 and R 1 transgenic plants, once 1 leaf suffered from rice leaffolder damage, the entire plant was considered to be sensitive; otherwise, the plants were regarded as resistant. For R 2 homozygous lines, 20 plants were randomly selected to investigate the number of total leaves and the number of damaged leaves.
RESULTS
Difference in codon usage bias between rice and Bt
An analysis of codon usage information downloaded from the condon usage database showed that rice and Bt differed greatly in the GC content of the CDSs. First, the total GC content of rice was up to 55.26%, which was much higher than the GC content of Bt (35.46%). The difference between the GC content of the species is 19.80%. Second, the GC content in 3 different positions of codons also showed a significant difference between the 2 species. The third position had the largest difference in GC content between rice (61.61%) and Bt (24.55%), and the difference reached 37.06%. The first position had the second largest difference in GC content between rice (58.19%) and Bt (45.82%). The second position showed the smallest difference between rice (45.97%) and Bt (36.02%); even so, this difference was still higher than 9% (Figure 2) .
The usage frequency of various codons in the 2 species was calculated in Table 1 , and the results were interpreted as follows. First, the usage of synonymous codons did not appear to be random because certain codons were used more frequently than others. For example, in rice, CUC had the highest usage frequency (28.51%) among all synonymous codons of leucine, whereas UUA had the lowest usage frequency, only 6.79%; the difference between the values reached 4.2 fold. Second, between rice and Bt, with the exception of tryptophan and methionine, which have no synonymous codons, the codons with the highest usage frequency (preferred codons), including termination codons, varied. The preferred codons in rice were TTC, CTC, TCC, AGC, TAC, TGC, CCG, CAC, CAG, CGC, ATC, ACC, AAC, AAG, GTG, GCC, GAC, GAG, GGC, and TGA. In turn, the preferred codons in Bt were TTT, TTA, TTG, AGT, TAT, TGT, CCA, CAT, CAA, AGA, ATT, ACA, AAT, AAA, GTA, GCA, GAT, GAA, GGA, and TAA. According to the analysis mentioned above, there was a large difference between codon usage by rice and Bt. Rice preferred to use codons with high GC content, whereas Bt preferred codons with low GC content.
Design of mCry1Ab and sequence analysis
Amino acids of the Cry1Ab protein were individually replaced with the rice-preferred codons in Table 1 , except for serine and arginine, for which 2 codons were used because the 2 codons had similar usage frequency among synonymous codons. Additionally, the ricepreferred termination codon TGA was added to the end of the new DNA sequence to form a new gene called mCry1Ab.
A comparison of the DNA sequences between Cry1Ab and mCry1Ab resulted in the following conclusions. First, a total of 565 bases in mCry1Ab were modified compared with Cry1Ab, accounting for 30.62% of the total length. Second, Cry1Ab used 58 of the 61 codons for 20 amino acids, whereas mCry1Ab only employed 22 codons, and 39 codons were not used in this gene. Third, there was a large difference in GC content between the 2 genes. The GC content of Cry1Ab was 37%, whereas that of mCry1Ab was up to 65%, reaching the maximum value. Fourth, Cry1Ab had 33 fragments with 6 or more consecutive adenine (A) or thymine (T) nucleotides, 2 plant transcription termination signal (poly A) sequences of AATAATT, and 11 sequences of ATTTA that could cause mRNA instability in plants, whereas mCry1Ab had no AATAATT or ATTTA sequences and did not contain consecutive strings of 3 or more A+T nucleotides. However, after the GC content increased, consecutive G+C strings in mCry1Ab occurred frequently. There were only 2 sites of consecutive G+C strings (>5 bases) in the original gene, which were located at 556 bp with 6 bases (GCCGCG) and 986 bp with 7 bases (GGGGCC). However, in mCry1Ab, there were 23 consecutive G+C strings (>5 bases) broadly spanning the entire gene (Figure 3) . FMCry1Ab, which was modified by Perlak et al. (1991) , had the same protein sequence as mCry1Ab and used 55 codons, but it had a GC content of 49% (Table 2) , which is far lower than that of mCry1Ab. Consecutive G+C strings (>4 bases) were avoided when designing FMCry1Ab although they were broadly distributed in mCry1Ab. The results suggested that mCry1Ab was vastly different from both wild-type Cry1Ab and FMCry1Ab. Basic local alignment search tool results from the GenBank database (http://blast.ncbi.nlm.nih.gov/) showed that there was no previous record of the mCry1Ab sequence. 
Transformation and PCR assay of R 0 transgenic plants
To determine whether mCry1Ab was functional in rice, we fused mCry1Ab to the constitutive promoter CaMV35S and the tissue-specific promoter OsTSP I (Figure 1 ) and transferred them into rice via Agrobacterium-mediated transformation to obtain 22 p35s::mCry1Ab transgenic seedlings and 47 pOsTSPI::mCry1Ab transgenic seedlings ( Figure  4a) . A total of 69 independent transgenic plants were detected by PCR analysis, and the target band of 158 bp could be amplified from all of the plants (Figure 4b ). 
Detection of Cry1Ab protein expressed in transgenic plants
Transgenic rice leaves were detected using Cry1Ab/Cry1Ac strips (Figure 4c ). Seventeen of the 22 p35S::mCry1Ab-transgenic seedlings resulted in positive plants, yielding a positive rate of 77.3%; 39 positive plants were obtained from the pOsTSPI::mCry1Ab-transgenic seedlings, yielding a positive rate of 88.6%.
The toxic protein content of fresh leaves (tillering stage) from positive plants was measured by ELISA. The mean Cry1Ab content in the p35S::mCry1Ab and pOsTSPI::mCry1Ab transgenic plants was 6.02 ± 1.05 and 8.43 ± 2.6 µg/g fresh leaf (means ± SD, N = 17 and 39), respectively.
Bioassay of Cry1Ab plants in the laboratory
To test whether the positive plants had insecticidal activity toward rice leaffolder, we conducted a laboratory bioassay by infesting R 0 leaves with rice leaffolder. The results indicated that the positive plants showed a high level of insecticidal activity toward rice leaffolder.
Larvae of leaffolder either refused or showed reluctance to feed on explants of transgenic plants as evident from less feeding damage on the infested leaf sections (Figure 5a 3-4 ) compared with heavily damaged control explants (Figure 5a 1) . Larval growth and development were also inhibited after they were exposed to explants from the positive plants, although a few remained alive after 4 days of infestation (Figure 5b 2) . In contrast, feeding damage to the leaves of pCAMBIA1305.1-transgenic plants (negative control) was severe during this period, and the leaffolder larvae grew and developed normally (Figure 5b 1) . The comparative response of leaffolder larvae to the positive transgenic plants and the negative control plants shows that mCry1Ab that was driven by the CaMV35S and OsTSP I promoters in rice was effective against the lepidopteran insect. 
Field resistance of transgenic rice plants to rice leaffolder
To assess the resistance of the transgenic mCry1Ab plants in the field, 69 R 0 transgenic plants and 30 pCAMBIA1305.1-transgenic plants (negative control) were planted in a net house and surrounded with wild-type rice to induce outbreaks of rice leaffolder under natural conditions. During the entire growing period, pesticide was prohibited. Fifteen days after flowering, every plant of the negative control and wild-type rice suffered severe damage such that the leaf blade was folded and glued with silk strands and had longitudinal white and transparent streaks due to rice leaffolder feeding, whereas most of the transgenic mCry1Ab lines did not show any symptoms. For the p35S::mCry1Ab-transgenic lines, 18 of 22 showed no damage; of these, 17 were positive in the Cry1Ab/Cry1Ac strip assay, and 4 lines that were heavily damaged by rice leaffolder were negative in the Cry1Ab/Cry1Ac strip assay. pOsTSPI::mCry1Ab-transgenic lines showed similar results to those of the p35S::mCry1Ab-transgenic lines. Thirty-eight of 47 pOsTSPI::mCry1Ab-transgenic lines showed no damage; of these, 36 were positive in the Cry1Ab/Cry1Ac strip assay. However, 3 negative lines in the Cry1Ab/Cry1Ac assay were found to be intact, possibly because they were surrounded by positive lines and unexposed to insect larvae. Additionally, there were 3 strip-positive lines (p35S::mCry1Ab) whose leaf blades were folded and glued with silk strands by leaffolder but remained green without bite streaks. We also categorized these as susceptible plants.
To confirm the relationship between mCry1Ab expression and insect resistance, the chi-squared test for independence was used, and the result showed that insect resistance was significantly correlated with mCry1Ab expression (χ 2 = 11.16 and 15.77 >> χ 2 0.01,1 = 6.63) ( Table 3 ), suggesting that mCry1Ab expression endows rice with insect resistance. Table 3 . Correlation between the strip assay and insect resistance of transgenic plants in the field.
Thirty R 1 transgenic plant families derived from each R 0 transgenic plant were grown in a net house in 2010 to investigate insect resistance. No insecticide was used during the rice growth period. In theory, the segregation ratio of resistance vs sensitivity in every family should be 3:1 or higher. However, abnormal segregations (1:1 or less than 1:1) in R 1 transgenic progeny were found in this study, and similar results were also observed in previous studies (Husnain et al., 2002; Wang et al., 2002; Chen et al., 2005) . In this study, approximately 25% of families segregated in the ratio 3:1 (resistance vs sensitivity), and the resistant plants grew normally without folded leaves and deadhearts (Figure 6a) . However, the sensitive plants and control plants were heavily damaged by lepidopteran insects, embodying transparent streaks on folded blades and deadhearts (Figure 6b ). These resistant families were chosen to develop homozygous lines with a single copy of the inserted transgene. Figure 6 . Field performance of the R 1 and R 2 generations of transgenic mCry1Ab lines under natural conditions. a. Positive plants isolated from R 1 transgenic families resisted lepidopteron insects. b. Wanjing97 control plants were damaged seriously by the rice leaffolders. c. Damage of R 2 transgenic plant leaves and wild-type leaves. Leaf 1 was a leaf of Wanjing97 that was folded longitudinally by leaffolders that scraped the green mesophyll on the inside blade resulting in linear, pale, white stripe damage, and the general vigor and photosynthetic ability of the infested leaf was greatly reduced. Leaf 2 was a leaf of the R 2 -231 line that was immune to leaffolders, showing no symptoms. Leaf 3 was a leaf of the R 2 -231 line showing no whitish appearance, although it was folded and glued with silk strands by leaffolders. Scale bar = 5 cm.
A novel synthetic Cry1Ab gene To obtain homozygous transgenic plants, the mature seeds from the selected R 1 transgenic plants were collected separately and germinated in Petri dishes with sterilized H 2 O at 30°C. After 4 days, sterilized H 2 O was replaced with 50 mg/L hygromycin solution. Five days later, negative seedlings withered, but the positive seedlings grew normally. Because the survival ratios of the homozygous transgenic plants, heterozygous plants, and negative plants were 100, 75, and 0%, respectively, the selected families containing a single insertion site could be confirmed.
Two homozygous lines, R 2 -17 (p35S::mCry1Ab-transgenic line) and R 2 -231 (pOsTSPI::mCry1Ab-transgenic line), which had no significant phenotypic changes compared with the wild-type line, were selected to investigate the degree of insect damage under natural conditions. Twenty plants per line were chosen to count total leaves and folded leaves. The resistance performance of the 2 mCry1Ab transgenic lines was very similar and was significantly superior to that of the original Wanjing97 recipient (Table 4) . During the entire growing period, Wangjing97 was damaged seriously by the rice leaffolders (Figure 6c 1) , and the number of damaged leaves per tiller (NDLPT) was so high, 5.45, that every tiller had damaged leaves. In contrast, most tillers from the R 2 -17 and R 2 -231 lines did not show any symptoms, and the NDLPTs of the 2 lines were 0.20 and 0.03, respectively. The rate of folded leaves was as high as 64.19% in Wanjing97, whereas the occurrence of folded leaves was only 2.62% in R 2 -17 and 0.47% in R 2 -231. The resistance of R 2 -231 seemed to be superior to that of R 2 -17, most likely indicating that the Cry1Ab protein content in R 2 -231 was twice greater than that of R 2 -17 ( In fact, R 2 -17 and R 2 -231 were not 100% immune to leaffolders: a few leaves were also hurt by the insect (Table 4) . However, the degree of harm to these leaves was different from that of the negative control. These leaves were only folded and glued by silk strands, and the feeding area was less than 5% (Figure 6c 3) ; however, the feeding area of the control plant leaves usually exceeded 30% of the total area (Figure 6c 1) . These results indicated that the leaffolders could be well controlled in the mCry1Ab-transgenic rice.
Transgenic plants with mCry1Ab driven by constitutive and tissue-specific promoters were found to be highly resistant to rice leaffolders in the R 0 , R 1 , and R 2 generations in the field, indicating that the modified mCry1Ab gene could be expressed and inherited stably in rice plants.
DISCUSSION
Transgenic technology can break reproductive isolation to realize gene transfer among different species, and rice is a potential plant that can be used as a recombinant protein expres- sion system (Liu et al., 2011; Kim et al., 2012; An et al., 2013; Kuo et al., 2013) . However, after a high-expression gene in one species it is transferred to another species, the expression is often reduced greatly, particularly for species with a large expression difference, leading to the loss of the gene's function (Gustafsson et al., 2004) . Furthermore, the use of different promoters, fusion proteins, and leader sequences cannot significantly increase exogenous gene expression (Perlak et al., 1991) .
One of the main reasons for the low-level expression is the codon usage bias in different species. Wang et al. (2004) analyzed the entire sequence of the rice genome and demonstrated that there is a positive correlation between the usage frequency of codons and the quantity of the corresponding tRNA genes in the genome. If species have different biased codons, their tRNA number or content could also vary largely (Ikemura, 1985) , and disfavored codons are translated less rapidly (Dix and Thompson, 1989) . In this study, we provided a set of the rice-preferred codons for each amino acid -e.g., CUC for leucine-to make the gene modification method more species specific than using G or C to randomly replace A and T at the third position of triplet codons.
Another main reason for the low-level expression is intron splicing. Unlike microbes, intron splicing in plants is essential for generating mature mRNA (Gutiérrez et al., 1999) . However, this splicing mechanism may recognize exogenous genes as introns and cut them, causing gene silencing. In plants, exons usually contain a high GC content, whereas introns have a high AT content (Goodall and Filipowicz, 1989) . The abundant AU sequences in precursor nuclear messenger RNA, specifically AU islands consisting of 4-7 nt, would be bound by nuclear proteins or reduce secondary structure formation, forming splicing sites nearby (Goodall and Filipowicz, 1990; Brown and Simpson, 1998) . Cry1Ab contained 33 consecutive A+T strings (> 6 bases), including 2 plant transcription termination signal (poly A) sequences of AATAATT and 11 sequences of ATTTA that may lead to unstable mRNA in plants, most likely making it difficult to form complete mRNAs when the gene is transformed into plant cells. Perlak et al. (1991) avoided consecutive strings of 5 or more A+T nucleotides in FMCry1Ab. We did not specifically avoid the consecutive A+T sequences in mCry1Ab, but mCry1Ab contained neither AATAATT nor ATTTA sequences, and it even lacked consecutive strings of 3 or more A+T nucleotides mainly because all rice-preferred codons tended to include the codon with the highest GC content among synonymous codons and increased the GC content of mCry1Ab.
However, high GC content caused the emergence of potential methylation signals (Bender, 2004) in mCry1Ab. The GC content of mCry1Ab was 65%, reaching the maximum. The high GC content caused the number of continuous G+C (N ≥ 6) sequences to increase from 2 in the original Cry1Ab to 23 in mCry1Ab. Murray et al. reported that CG should be avoided in the genetic engineering of plants and other eukaryotes and that G nucleotides should be avoided in the third position of the triplet codons for threonine, proline, alanine, and serine because the second base was C, and CG may be involved in methylation and subsequently cause gene silencing (Murray et al., 1989) . However, we chose CCG as the codon of proline when designing mCry1Ab. Our results showed that mCry1Ab could be expressed and inherited stably in subsequent generations. Furthermore, we searched the Rice Oligonucleotide Array Database (http://www.ricearray.org/expression/highly.shtml) for the top 50 highly expressed genes in whole plant and found that the GC content of the endogenous gene CDSs ranged from 37.65 to 73.21% (1 gene < 40%, 9 genes = 40-50%, 13 genes = 50-60%, 21 genes = 60-70%, and 6 genes > 70%), and the average was 60.41%, which was higher than the mean GC content of 55% for the CDSs of all the rice genes. Thus, high GC content may not be the limiting factor that affects efficient gene expression in rice.
mCry1Ab included 22 of the 61 codons, and the other 39 codons were not used in this gene. The normal expression and stable inheritance of mCry1Ab indicated that it was not necessary to use all codons for gene modification and that simply choosing 1 or 2 biased codons could ensure the expression of exogenous genes in rice.
Generally, plants showing a superior resistance effect need to contain over 3.0 μg/g toxin in the fresh leaf (Cai et al., 2007) . In this study, the expression quantity of mCry1A driven only by the CaMV35S promoter (without a castor been intron) could reach 6 μg/g toxin in fresh leaf, which is 2-fold greater than the superior resistance threshold; thus, mCry1A would be valuable for transgenic rice breeding.
